Molecular-beam epitaxy and robust superconductivity of stoichiometric FeSe crystalline films on bilayer graphene
We report on molecular beam epitaxy growth of stoichiometric and superconducting FeSe crystalline thin films on double-layer graphene. Layer-by-layer growth of high-quality films has been achieved in a well-controlled manner by using Se-rich condition, which allow us to investigate the thickness-dependent superconductivity of FeSe. In situ low-temperature scanning tunneling spectra reveal that the local superconducting gap in the quasiparticle density of states is visible down to two triple layers for the minimum measurement temperature of 2.2 K, and that the transition temperature T c scales inversely with film thickness. PbO-type β-FeSe, with a superconducting transition temperature T c up to 37 K under modest pressure, [1] [2] [3] shows some great similarities to the recently discovered high-temperature iron pnictide superconductors, 4, 5 which include the common structural motif of FeX 4 (X: Se, As, P) tetrahedra, similar band filling, and low-temperature structural distortion from tetragonal to orthorhombic crystal symmetry. The similarities, together with its simple chemical formula and crystallographic structure, make FeSe an archetype system for unraveling the mechanism of superconductivity in all iron-based superconductors. The FeSe single crystals and films reported so far, however, are known to suffer from great fluctuation in stoichiometry, disorder, and clustering pathologies. [1] [2] [3] [5] [6] [7] Moreover, for heteroepitaxial FeSe films, the lattice mismatch between the films and substrate introduces compressive or tensile strain into the films, [8] [9] [10] [11] [12] which becomes more dramatic in ultrathin films. These situations make the understanding of their superconductivity more challenging.
In this work, we present a systematic scanning tunneling microscopy (STM) study of molecular beam epitaxy (MBE) growth of FeSe films. 13, 14 Layered and chemically inert double-layer graphene formed on SiC(0001) was used as substrate. 15 Since both FeSe and the graphene substrate have a layered structure, intuitively, layer-by-layer growth of unstrained epitaxial films of FeSe should be expected. [16] [17] [18] By optimizing the substrate temperature, we show that stoichiometric and superconducting FeSe films with well-controlled thickness can indeed be prepared under Se-rich condition, and that the stoichiometry is self-regulating, irrespective of the Fe/Se flux ratio. Thickness-dependent superconductivity of the resulting stoichiometric films was then investigated by in situ low-temperature scanning tunneling spectroscopy (STS). It is found that the transition temperature T c correlates inversely with film thickness d, and the thickness for the onset of superconductivity is two triple layers (TL).
Growth of FeSe films was carried out in a standard MBE chamber with a base pressure of 10 −10 torr, and it was connected to a Unisoku low-temperature STM system (down to 2.2 K). The double-layer graphene was prepared on a nitrogendoped SiC(0001) substrate with a resistivity of ∼0.1 ·cm using a well-established recipe. 15 High-purity Fe (99.995%) and Se (99.999%) were used as the source materials. FeSe films were grown by co-evaporating Fe and Se sources from standard Knudsen cells. All STM topographic images were taken at a constant current of 0.1 nA with a polycrystalline PtIr tip. All superconducting gaps were measured using a lock-in technique with a small bias modulation of 0.1 mV at 987.5 Hz, while other STS spectra had a bias modulation of 10 mV.
To establish the optimal growth conditions, we started with an analysis of the tetrahedral crystal structure of β-FeSe, as schematically shown in Fig. 1 . Along the (001) crystal direction, 1-3 one unit cell consists of three atomic layers (one Fe layer and two Se layers), defining a unique TL (Fig. 1) . The lattice constant along the c axis is 5.518Å, while it is 3.765Å in the a-b plane. Within a single TL, iron atoms are covalently coordinated with 2 Se anions above and 2 below the planar iron layer, while the bonding between the adjacent TLs is of weak van der Waals type. Consequently, FeSe films grown on various substrates are usually (001)-oriented and have a Se-terminated surface. [8] [9] [10] [11] [12] Due to the very volatile nature of Se molecules, we attempted to grow FeSe films with a high Se/Fe flux ratio of 20 to compensate for the Se losses. A ratio even larger than 20 gives the same result. It turns out that the Se-rich condition could indeed assure Se vacancy-free samples with very high quality. For optimal substrate temperatures (180-480
• C), the stoichiometry of the films is self-regulating: The extra Se molecules cannot be incorporated into the FeSe films, since the substrate temperature is higher than the sublimation temperature of Se. Under these conditions, the growth rate is only linearly dependent on the Fe flux determined by the cell temperature of Fe.
Figures 2(a)-2(d) show typical STM topographic images of the as-grown FeSe films, with a nominal thickness of ∼15 TL, grown at various substrate temperatures. The temperatures of Fe-cell and Se-cell were 1150
• C and 136 • C, respectively, which leads to a low growth rate of ∼0.13 TL/min. At the substrate temperature of 180
• C [ Fig. 2(a) ], despite some atomically flat terraces, the films appear discontinuous and contain various thicknesses. On the terraces, triangular islands can be observed, implying hexagonal lattice symmetry of the as-grown films. This is further confirmed in the zoom-in STM image in Fig. 2(e) , which was taken on the flat terraces. From the high-resolution STM images, the in-plane and out-ofplane lattice constants are measured to be 3.6Å and 5.7Å, respectively, which agree with the values in the well-known NiAs-type α-FeSe.
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At elevated substrate temperatures, the films become smoother. This is not surprising because the diffusion of Fe atoms, which mainly determines the surface morphology in this case, is expected to become stronger at higher temperatures. More importantly, a structural transition from hexagonal to tetragonal or orthorhombic phases was found at a substrate temperature between 180
• C and 220
• C, as shown in Fig. 2(e Table I . At 220
• C, many bright dumbbell-like pairs occur, and the 1 × 1 Se-terminated FeSe surface reconstructs into the well-defined √ 5 × √ 5 reconstruction with a lattice constant of ∼8.5Å [ Fig. 2(f) ]. Higher temperature [390 • C; Fig. 2(g) ] destroys the reconstruction, leaving many dispersed pairs on the surface. All these phases prove to be non-superconductive. Only when the substrate temperature exceeds 420
• C [for example, 450 • C; Figs. 2(d) and 2(h)] is a square-like lattice observed [see the high-resolution STM image in Fig. 2(h) ], and its lattice parameters match well those of bulk β-FeSe. 1 Each bright spot in the STM image corresponds to an apical Se atom above the Fe plane. Low-temperature tunneling spectra exhibit a clear The dumbbell-like pairs in the √ 5 × √ 5 phase exhibit a strong bias-dependent behavior, suggesting a purely electronic origin of the pairs. At 6 mV [ Fig. 3(a) ], for example, the STM image shows the aforementioned β-FeSe (001) lattice, and no pair-like feature is observed. No superconducting signature was found in this surface. Instead, we observed an asymmetric gap of ∼0.5 eV near E F [upper curve in Fig. 3(b) ]. Annealing this surface at 450
• C for a long time (∼4 hours) can remove the pairs and recover the FeSe (001) surface with a few Se vacancies, as demonstrated in Fig. 3(c) . Associated with the structural transition, the films become metallic [lower curve in Fig. 3(b) ]. Careful STS measurement reveals a superconducting gap near E F again, as shown in the inset of Fig. 3(b) . Based on these observations, we believe that the pairs correspond most likely to excess Se because it is rather difficult for Fe to evaporate at 450
• C. This is further confirmed by the following experiment: When Se molecules were deposited onto a β-FeSe (001) surface at 220
• C, the same pairs appear, increase in number and finally evolve into the
Our study reveals that the superconducting gap exists only within a small window (2.5%) of extra Se atoms, 19 and that the superconductivity is very sensitive to the stoichiometry of FeSe. This may explain the controversial experimental results of iron-based superconductors in previous studies, where unavoidable stoichiometry fluctuation occurs in the samples. In our case, however, by using the Se-rich condition and well-controlled substrate temperature, stoichiometric β-FeSe films with extremely few defects (∼1 defect per 70 000 Se atoms) can be easily prepared. 19 The advantage of using graphene as a substrate is illustrated in Figs. 4(a)-4(b) . By continuously imaging small FeSe islands on graphene, one can clearly observe the scanning-induced displacement and rotation of an FeSe island with a size of 50 × 50 nm 2 . This means that the interaction of the FeSe film with the underlying substrate is rather weak, 20 and FeSe nearly "floats" on the double-layer graphene. Atomic resolution STM images of ultrathin FeSe films (1-4 TL) 19 reveal that they have the same lattice constant as thick films and bulk β-FeSe, suggesting a fully relaxed FeSe film even at the first TL. Figure 5 (a) shows a series of normalized tunneling spectra taken on 8 TL FeSe film at various temperatures, which were obtained by dividing each spectrum by the normal-state conductance data just above T c , i.e., 10 K for 8 TL. At 3.0 K, the superconducting gap with two symmetric coherence peaks at ∼±2.1 meV is clearly visible. With increasing temperature, both coherence peaks are suppressed, and the zero bias conductance (ZBC) continuously increases until the gap completely disappears at 8.0 K. Using the tunneling spectra near T c , ZBC shows a linear dependence on temperature [the inset of Fig. 5(a) ]. By extrapolating T c to the point where ZBC = 1, we find a T c of 7.8 K for 8 TL film. Similarly, we can determine the T c of other films, for example, 3.7 K for 2 TL film [ Fig. 5(b) ]. In 1 TL film, however, the observed gap near E F is temperatureindependent, and it exhibits significant spatial inhomogeneity. This suggests that 1 TL FeSe film is non-superconductive above 2.2 K. 
is the critical temperature of the bulk, and d c is the threshold for the onset of superconductivity. Theoretically, 1/d dependence of T c has generally been interpreted by adding a surface-energy term in the Ginzburg-Landau freeenergy of a superconductor. 23 Based on this relation, d c is estimated at 7Å. In terms of the out-of-plane lattice constant of 5.518Å for β-FeSe, this suggests that the minimum thickness for superconducting FeSe films is 2 unit cells, consistent with our experiment. Meanwhile, the extrapolation to infinite thickness (1/d = 0) yields a T c0 ≈ 9.3 K. This agrees well with the bulk T c of the stoichiometric FeSe samples. 24 In summary, we have successfully prepared stoichiometric and superconducting FeSe films on graphene by using MBE. We show that the graphene grown on SiC(0001) substrate can lead to growth of strain-free FeSe films. By STM/STS, we show that the superconductivity transition temperature T c of FeSe films ( 2 TL) scales inversely with the thickness. The growth conditions established here may prove useful for growing other iron-based superconductor films with high quality.
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